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1. INTRODUCTION
‘\JVV\,UV\’ UVV~AJV’tJVL

Microwave-induced plasma (Mu ’) discharges I~ave l ong been used .i~~

sources for exciting atomic and polyat osn ic species (1-4). The h igh

degree of excitation afforded by such sources , coupled wi th  their  r e l a t i v e l y

low cost, have made the M I P attractive in many situations where intense .

monochromatic sources are needed or where elemental em ission sp ect ra must

be obtained.

The nature of M IP discharges var ies  considerably with the nature of

their application. For example , the kind of M u’ employed as a li ght source

for atomic fluorescence spectroscopy differs considerably from that used

for elemental analysis of aqueous samples. The former sort of MIP is

ordinarily operated in a closed vessel and at a pressure of a few torr ,

whereas the latter usually employs a flowing gas system at atmospheric

pressure. Logically, these different kind s of MIP are treated separately

in the present volume. Enclosed PlasmaS used principally as lig ht sources

(i.e. the electrodeless discharge ~~p) are covered in the chapter by

P. N. Keliher. Similarly, gas chromatography detectors based on the MIP

are di scussed in the chapter by T. II. Risby and Y. Talmi. In the present

chapter, we will deal exclusively with the M I P  applied to the d i rec t

elemental analysis of dissolved samples. To begin , it is appropriate

to place the development of such an M I P  in historical perspective .

4
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2. HISTORICAL DEVELOPMENT
WJVWuVWvWVVVVVVWV VvV~

E xcel lent  h i s t o r i c a l  accoun~~of the development of the M IP can be found

in the thesis by t.ichte (5) and in the series by Greenfield , et. a l .  (t -8) .

Initial work in this area was performed with sing le-electrode plasmas

(1-3, 9-20), which bore little resemblance to the devices now commonly

used , and which operated at various frequencies in both the microwave and

radio- frequency r ;; nges. ilowever , later investigations (2, 21-23) were

carried out w i t h  plasmas sustained in resonant cavities, much like the

currently popular systems.

It was r e a l i zed early that low-power microwave plasmas are strongly

affected by molecular species introduced into them. Correspondingly, initial

successes emp loyed the MIP as a detector for gases (2), for gas chroinatog-

raphy (21, 22), or volatilized simple , easily fragmented compounds into the

plasma (23). In this latter study (23), solution samples were employed , but

metals to be measured were in the form of vola t i le  chelates , which were sent

into the MIP by thermal vaporization from a platinum filament. Measured

sensitivity was •.igh (lI~~
1 to 10 12 g. detectab le), but the method could

be applied to only a narrow range of elements.

Recently, investigators have sought to extend the capability of MIP

analysis to elements of low volatility and to samples of greater range and

complexity. These extensions have required the development of nei. systems

for volatilizing and introducing sample material and have employed a variety

of microwave power supplies, resonant cavities, and spectrosnetric systems.

These developments will be traced in more detail later. However, because

all these later systems were similar in structure and form, let us first

consider the fundamental nature of the microwave plasma itself.
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3. NATURE OF MW DISCHARGES
~~~ w~wvvwvwwvwvvvv~~~~

The most commonly used and successfu l kind of M u’ in  use today i s

operated in inert gas (usua l ly  Ar or tic ) and sustained at low power (2 5-100 W )

in a quartz tube located within a coaxial resonant cavity. The microwave

frequency is ~‘rd t narily 2450 ~ 1z, chosen partially for historical reasons,

but mos t ly  becausc ol the ready a v a i l a b i l i t y  of low-cost medical diathermy

u n i t s  which  p rov ide  power at that frequency. The fo l lowing  theoretica l dis-

cussion pertains directly to this kind of MIP ; additiona l information can be

found in the excellent review by Sharp (24).

A resonant cavity, discussed in more detail later , is simply a hollow

metal container having a shape and size which allow a standing electro-

magnetic wave to be established within it. Because the standing wave is

at microwave frequencies, the cavity dimensions will be on the order of

several cm; both cylindrical and rectangular cavities are in use. To generate

the standing wave , microwave energy is sent into the cavity by means of a

circuit loop or short, which are in turn connected to the microwave power

supply via a coaxial cable. To contain the discharge , a quartz tube is

ordinarily placed in the cavity along an axis which is parallel to the

lines of electric field oscillation; various transverse electric (TE) and

transverse magnetic (TM) modes of oscillation enable such a configuration.

The formation (breakdown) of such a plasma and its maintenance will be

discu~~ed separately.

~~~~1.~_ ._ .  ________ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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M ic row a ’~t 1’ l a sma br ikd own and Stabilizat i on

The mech ;in i sni ~i m c r owa v e 
~ Ia sma fonnat  ion and s t ab  i I I za t ion art’

t reated i n  d e t a i l  ci sewbere ( .!1 ~~~ and w i l l  only be b r i e f ly  considered

here. At e x t r e m e l y  h w  prcssurec . au e l ec t ron  present in a microwave field

wi l l  o s c i l l a t e  i i i  p e s i t  ion a t the  f i e l d ’ s frequency,  but w i l l  be out of

phase with the i i ” I J .  ct the osci I l a t i n g  f i e l d  fl he represented by

F. F0 sin (um t ) w h e r e  i~ i s th e  max imum f i e l d  amplitud e, w its angular

f; ut ’ mmcv an d ~ i t s  p hase at t i m e  t = t 0 ,  when the e lec t ron  begins moving .

The fore e I cxcii ed by t he f i e l d  on the  elec t ron w i l l  then he (27)

F = ma = eE 0sin (wt + 0) (1)

The r e s u l t i n g  v e i ~ c i t v  wh& re a is the acceleration of the electron , e i t s

charge , and m i t s  mas s .  The resulting velocity v of the electron can then

be found by i nt e~ rat I n nf E q. (1)

v = ‘• [cosO — cos (wt + 0)] (2)
01(t)

where vo is t h e e l e c t r on ’ s initial velocity.

From E q .  ( . ~l .  t l i c  elec t ron w i l l  move as the cosine of the s inusoida lly

vary ing  e ! e c t r i c  I i  ~‘ I d ;  consequ ent  l y ,  i t  w i l l  be 90 ° out of phase w i t h  the

r i e l d  and w i l l  draw no power from i t .  Physically, the elec tron is at first

accelerated by the fi Id , but cannot i t inned i at e l y  reverse direct ion when the

field reverses polarity. Consequently, the electron must decelerate after

the field changes , and passes back to the field the energy it gained earlier .

Thus, at e x t rem e l y  low pressures , it would be d i f f i c u l t  to sustain a micro-

wave plasma .

~~~~‘k~~~~~Id ‘“ . -
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At higher pressures , the accelerati ng electron collides frequently

with gaseous atom s, causing its direction to he altered (but largely not

its velocity, sinc e energy is exchanged between the collision pa r tner s  i n

proportion to 2(ni/M), where P.1 is the a to mi c  m a s s ) .  These events continue ,

with the electron gaining energy froni the field and l o s in g  i t  throug h

collision , until it reache s an energy s u f f i c i e n t  to excite or ionize an

atom . Under these conditions , the mean power P absorbed by an electron

from the field i s  ~
fe2 E o 2’)f v 2 \

e P (3)

where v is the collision frequency between the electron and gaseous atoms.

From the foregoing, an optimal pressure exists for the ignition and

stabilization of an MIP. At very low pressures , li tt le power will be

transferred from the field , whereas at unusually high pressures , the coll is ion

frequency is so great that an electron gains unsufficient momentum to ionize

an atom upon collision (cf. Eq. 3). For the commonly used frequency of

2.45GHz, thi s optimal pressure has been calculated to be approximately

4 torr (29), close to those pressures found optimal in electrodeless dis-

charge lamps.

At higher pressures (near atmospheric) , it is apparent (cf. Eq. 3)

that higher electri c fields (E0) or lower frequencies (u) will be required

to sustain an MIP . Ordinarily, the former approach is employed in the MW

whereas the latter factor is exploited in radiofrequency plasmas such as

the ICP . For an atmospheric-pressure MW , power inputs in the range of

100W are utilized , while a lower pressure plasma can be readi ly sustained

at less than 25W.

- .-- .i~~-— ---.- -~~ — — -----
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Stabilization of the M I P  arises es sen t i a l l y  t ’iroug h r e p e t i t i o n  of the

rocc:~ & ‘s o u t l i n e s above. Successive collision between e lec t rons  re l eased

t h: otn~h 
jOWL .~. m t i n n  and r ema in ing  ilcutra 1 gas atom s prog r e s s i ve l y  ion i zes

a F ‘ it  ~~ frac t ion at the gas , unt I the energy cont r i b i t t ed  by the øm i c rowa vt’

i i~~ i p.m ~ i t  i omied b etween the mov ing  elec t rons and t h e  generated ions.

‘ i t~tii fic antiv , little of this energy is directly contributed to the ions

F) t ht: ’ f i e l d ;  t h e i r  cons ide r ab l e  mass prevents them from ga in ing  much

~~ ~ .~~ mrj .m; j j  ~~~~ :i the  b r i e f  period bef ore the f i e l d  reverses po la r i ty .

I er~y LouI’l1n~ 
to and Stab 11Lt~ of the Microwave Plasma

Maintenance of an MIP can be understood through the following model

of the plasma -cavit y syston. F rom thi s model , plasm a and power ba lance

equations can be formula ted , assuming a cavity resonance near the plasm a

frequency i~30). Althoug h the model does not take into account the radial

el~’~ tran prot lie ,ad t h e  consequent electric field inhomogeneity , it has

~r~ vorL usefu l for a muaher of RF p lasma systems (31—33)

~ S L C 1 L IV  su i t e  microwave discharge occurs when the power absorbed by

the ~~~i smn a 0(1 1 . 1 1 5  the power losses from the plasma. Such losses occur

mainly through inelastic collisions resulting in .~xcitation or ionization ,

throu g h energy t ranspor ted to the wal l s  by electrons and ions , and through

energy transported out of the a c t i v e  d ischarg e reg ion in a f lowing gas

system . For a particular plasm a geometry , power loss P1 is a funct ion

of average plasma density:

(,
~ 

I11EO~
) (v1V. + BT~ 

+ 

~~~ 
V )  (4)

where ~ is proportionn l to the average plasma density, V~ is the ionization

V .

- ______
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3
energy, v~ is the frequency of i o n i z a t i o n - c a u s i ng  c o l l i s i o n s , V~ i s  t h e

excitation energy, v~ is the frequency of e x c i t a t i o n - p r o d u c i n g  c o I I i s t o , m ~~,

is the e lec t ron  temperature , and t~T i s  a tenu which represents energy

loss transported to the walls by the  elec t rons and by the i ons (3 0) .  A

plo t of power loss versus plasm a density for a constant gas pressi~re has

continual positive s1O1~ (cf. Figure 1 , curve A).

The time-averaged ‘~~wer absorbed by the plasma P1 i s found from the

rea l part of the ~..p ’-’x Poynting vector integrated over the surface of the

plasma (the average ohmic power di ss ipation) (34):

( l/2)R efv
O E 2dV (5)

where a is the complex conductivity of the plasma , E i s the elec tric f ield

in the plasma , and V i s the entire plasma volume. For a given impressed

electromagnetic field strength t’
a depends on the damping mechanism of the

plasma and the coupling between the fields external to and within the plasma .

From the foregoing considerations and an assumed cavity structure, the

power-absorbed curves in Figure 1 can he calculated (30). At constant

incident microwave power , excitation frequency, and cavity dimensions , a

single power-absorbed curve would be observed as the plasma density is

varied . (It is assum ed tha t  the absorbed microwave power does not alter

the plasma.) Increasing the incident power from 
~
a(1) to 

~~~~ 
raises

the power absorbed by the plasm a, since field strength inside the cavity

inc reases with incident power.

A steady-state high-frequency discharge can only be sustained when

there js an intersection between the power loss curve and the power absorbe~

curve (30). Understandably, at intersections where the power absorbed

curve has a negative slope, stability is implied . Conversely, at inter-
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sections where the power absorbed curv e has a pos i t i ve  slope i n s t a b i l i t y

i s  impl ied , u n l e s s  the power loss curve slopc is  grea ter  t h a n  that of the

power absorbed curve (30).

Curves B and C illustrate the behavior of the stable p lasma and c a v i t y

when the excitation frequency and cavity size are fixed , but the microwave

power is varied . A stable operating point (point 4) at a particular inc i-

dent power P .1 i 1)  i s establ ished prima rily by the cavi ty resonant frequency.

h owever , when the  ‘~~i~’ent power is raised to P1(2 ) , the plasma d e n s i t y

inc reases, th~’ operating point moves to point 5, and the c a v i t y  becomes

more detuned . That i s , only  a smal l  f r ac t ion  of the addi t iona l power is

absorbed and the excess power is reflected to the power supply. Thus , the

very increase in plasma density which is sought prevents much additiona l

power from being lntroduced into the plasma.  Even the addition of impedance

matching devices between the cavity and the power supply only slightly

improves this situation (35). This small change in density for a large

chang e in inciden t power is  a major  problem when one attempts to produce

-i high  density plasm a ins ide  a microwave cav i t y .

A solution to this problem is to adjust the dimensions of the cavity .

A t a constant inciden t microwave power level , the power-absorbed curve

shifts to higher plasma densities as cavity length is increased (ef. curve

0. Fig. 1). Note from curve P that at a fixed incident power , the height

of the power-absorbed curve decreases as the plasma density increases. At

point 6, the intersection between the power-absorbed and power-loss curves

ir~ icates marg inal stability for the plasma . For a greater cavity length

than L,. the p lasma would be extinguished , and the plasma-cavity system

drops out of resonance.

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~
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It  i s apparent from these urguinen t s tha t  i g n i t  i on and stub 1~ opt’ rat I on

of an MIP should be most  e f f i c ie n t  at two d i f f e r e n t  c a v i t y  long ths . ll ctt Iro

i g n i t i o n , p lasm a d e n s i t y  is low ( e s s e n t i a l l y  ze ro ) ,  and r e l i a b l e  i gn i t ion

w i l l  require a shorter  c a v i t y  ( c f .  curve B ) .  However , p l a s m a  d e n s i t y  w i l l

rapidly increase after ignition and with increased power (curve C), and

stable , effic ient operation of the higher-density plasma will require

lengthening (retuning) the cavity (curve I)).

The curves 0 r 
~‘tire 1 are plott ed for constant pressure and fixed

cavi ty  i npu t c o u p l i n g . A l t e r i n g  the pressure  w i l l  change both the power-

loss and power-absorbed curves;  a l t e r i n g  the input coupl ing  w i l l  change

oni y the power absorbed curves.

3 .3 .  MW Character is t ics

3.3. 1.  Plasmas in Local Thermodynamic Equilibrium (LIE). No laboratory

plasmas are in a s ta te  of complete thermod yn amic equi l ibr ium . However , in

some p l a smas , individual  volume e lemen t s  obey all thermodynamic distribut ion

laws, except Planck ’s radiation law ; such p lasmas are said to be in local

thermodynamic equilibrium (LTE). The concept of LIE is very usefu l , s ince

under such conditions , nnerg y and volocity distributions arc governed by

Maxwell-Bojtzmann relations. Furthermore , the Saha-Eggert law then describes

the y ie ld  of i o n i z a t i o n  products , and the populat ion of d iscre te  energy

levels  f o l l o w s a Bo ltz marm d i s t r i bu t i on . That is , a plasma in LTE can be

described by a single temperature T, and

T = T(kinetic)= T(reaction)= T (excitation) (6)

In p lasmas at or near atmospheric pressure , where the particle density

is high, LIE is often attained (27). A Boltzmann expression will determine

specific energy level populations , the fraction of ionized species present
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w i l l  be given ~v the Saha equat ion , and the s tat e  of the plasma w i l l  he

characterized by the measured temperature and density (27). For such

p lasmas  the re  need he less  concern for the details of the m i c r o s c o p i c

processes w h i c h  con s t i  t u t e  the  plasma cxci t a t i o n  mecha n i  sn,~ ( M~)

For plasmas at reduced pressure , particle density is dec r ea sed , and

each particle undergoes fewer collisions per u n i t  t ime.  I n  turn , collisions

are necessary to p a r t i t I o n  energy among the ’  var ious  s t a tes  the p a r t i c l e s

can possess. ~s rt sult , such plasmas are seldom in LIE , and an inord i nate

amount of their energy is sto red i n e le ct ron mot i on or in excited electronic

s t a t e s .  These st a t e s  then  r a d i a t e  energy at  a level  unexpected for a p lasma

at that p i r t i c u l a r  power input . In such a case , the microscop ic exc i ta t ion

r i er hanism ’  w i l d  have  t~~ he d e t a i l e d  for opt imum u t i l i z a t i o n  and unders tanding

et  t h e p l a sma .

~. 3 . 2 .  Spectroscopic Temperatures. The electronic excitation temperature

of a microwave p lasma can he derived from the rela ti ve radiances of inert

~as sp e c t i a l  l i ne ~ having  known w a v e l e n g t h s  ( A ) ,  energy l eve l s  and t r ans i t i on

pr o b a b i l i t i e s  (A kj ) .  A plot of log (B A/ g ~ A~~~) vs. log (Ek
) (where B i s

t he spectral  line radiance , i s  the s t a t i s t i c a l  wei ght  and E k the energy

~~t th~z upper s t a t e  of the t r a n s i t i o n ) , w i l l  y i e ld  a l ine whose slope i s

i,~ i~ rc e l y propor t iona l to the temperature (37). The largest error in such

t emperature measurements arises from uncertainty in the transition probabil-

ities (A ki ) whi ch are known only  to w i t h i n  about 20 % (38) .

Table I l i s t s  exc i t a t ion  temperatures for argon and hel iu m M I P ’ s

under varied conditions of pressure and applied power.
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TABLE 1 Spectroscop ic Temperatures of Micr owave- I nduced PIa sn sa~

Opera ting Appli d
Support Gas Pressure (Torr) Power (~~ T~~j~ rature (°K) C

Argon 3 25 4150 36
12 25 4285 36
12 100 4060 39
25 25 4535 36
630 100 4850 39
76P 100 4980 40
76u 100 5100 41

Helium 1.07 not g iven 2300 42
2 50 8550 43
5 80 3350 39

760 100 7250 44
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The exc i t a t ion  temperatures obtained from measurem ents of ine r t  gas

line intensities are dependent upon pressure, but not to a grea t e x ten t .

At a constant input power leve’1 the spectroscopic temperature inc reases

at a very slow rate with inert gas pressure.

The effect of applied microwave power on the spectroscopic temperature

is dependent upon the pressure. A t high pressures, an increase in the app li ed

power tends to decrease the temperature sli ghtly or to have l i t t l e  e f fec t

at a l l .  At lowe ’- pressures , an increase in the appl ied power causes on ly

small e1e~’ations in the temperature (36 , 42 , 43 , 45 , 46) .

3.3.3. Electron Temperature. In a low-pressure microwave plasma , two

dis t inct  groups of electrons appear to exist (36). One group, at low

density (concentration) , has hi gh energy (ve loc i ty)  and dominates measured

electron temperatures. As we shall see , this temperature describes the

energy of these high-speed electrons and serves to indicate the degree of

excitation and ionization in the plasma . The second group , consis t ing of

low--velocity elec trons, constitutes by far the largest fraction and is the

prime contributor to electron ni.miber density measurements discussed in the

next section. Because both groups are s ignificant , let us exam ine these

measurements (temperature and density) separately.

Electron temperature is mos t of ten measured using the double elec tr ic

probe techn ique (47) . In th is  method , electron temperature, Te’ can be

found from a plot of measured probe current vs. applied potential (the

probe characteristic):

r x ~1 ~~ii dV1 
(7)

Ic = 11600 + x)~J L ~iT J v=o
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1~
y l  J v~ o

and where ’ dV/ d i is the si ope of the current - volt age curve , 1 t  I s  t h e

sulliflat ion of the  pos i t ive  ion current s eva htia t ed at V ~t ) , and i i s t he
ci

elec t ron current to probe I ( 36 • -I 8)

l’ahle 2 I i  s ts  e lec t ron  t cuperatut-es for argon , hel m a t  and nit rogen

Mt I’’ s under a number of ap p l i e d  power and oper at  i ui~ I)l u~’~ coiid it I t i l t ’ -.

obtained b~ ii. oh Ic tirohe tee hit iquc . The It i g he ~. f e lec t i-on t emperat ores

are obta i ned for  helium . Interest jug Lv , the ratio ot the c~ cttattoii

temperatures o b t a i n e d  in  1k’ t o  those obta i nod in Ar i s  ap pr ox i m a t e l v  I .6

at any p a r t i c u l a r  power—pressure setting . Thi s va h it’ I s Very close to

the rat to of ion t zat ion potentials b r  the gases: I P(iIe’) /1 P (Ar) = I .

suggest ing tha t the mean elec t ron energy is primari lv a function of the

i on i za t i on  p o t e n t i a l  of the plasma gas (36 )

Note that elect von temperatures &hecrea se JS the i lasma pressure is

inc rca sed . At  gas 
~ 

f~~5 sure s above ah on t 4 To yr 1’ i.ema ins cons ant

The effect ot applied m i c rowa vi’ power on ci cc t ron t enperat tire ’ i s

dependent upon the pressure of ’ the inert gas . At low pressures  (b e ’ I ow

- \~ S I’or r) • changes in appli ed microwave pow er hav e L i t  t i e  et t e c t  on

36 , 43) . At higher pr essur es , changes in appli ed power have’ a g r e a t e r

ef f ect  on e Icc t run temperature , i It -  hang h th e  tempera t ii re wi l l  be loWer

for any spec i f I c power i nput than it a lower 
~ 
res sure. hinderstand ab iv ,

an increase in appl led power causes an inc rease- in the electron t emper a-

ture.

-- ~2.~~ - -:-~~ ---
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TABLE 2 Electron Temperatures of Microwave-Induced Plasmu s

Operating Applied
Support Gas Pressure(Torrj PowertWj Temperature Xi (Y~~

0K) Kcf crenc e

Argon 0. 1 SC) 45 50
0.5 50 30 50

1 50-120 26-53 43 ,47
2 120 38.3 47
3 25 35 36
4 120 35 47
6 25 - 120 34.2-3 5 36,47

120 33 47
10 120 35 47
12 25 35 36

HelIum 0.1 50 130 50
0.5 50 75 50

1 50-120 63-90 43,47
2 50- 120 63-75 43 , 47
3 25 50 36
4 120 55 47
6 120 50 4’
8 120 50 47

10 120 50 47

Ni t rogen 760 1000 ‘~400 1

I .__ .~.._... A — -  —~ 
_;~~T :  ~~~~~~~~~~~~~~



-
~~~~~~~~~ -~~-—~~~----—-- --—~~~~~~~ -~~ ---

is

A greater flow rate of suppor t gas causes :i decrease tn 1 ~~~

The effect is greatest  at lower f l o w  ra tes  and tend s to decrease as tl ~ ’

f l ow ra te  inc r(’a~;es. lhe  e f f e c t  i s i i  so more pronoune- cd for lIe ’ t h an  For

It  is evident  from a comparison of the sp cctros~ opic and electron

temperatures (cf .  Tables 1 and 2) t h a t  a low pressure MI ) ’ i s  not in local

thennodynamic equilibrium.

3 . 3.4 . L l e ct r o n  Concentration . The’ e l e c t r o n  number density, 1
~e

’ in m i c r o -

wave plasmas reflects princi pal l y  the  c o n c e n t r a t i o n  of low-energy el ect rons

and can be obtained from the current-voltage behavior of double electrical

probes (1 , 51). In that method , it is assumed that the positive ion con-

centration in the plasma is equal to the electron concentration , so the

saturation ion current 1~ to an ind ividua l probe is:

14• = 0.6 n4eA(kTe/m ) 
1/2 (9)

whe re n+ is the positive ion (or electron) number density , e is the electron

charge, A is the probe area , k is Ro l tzma n n ’ s constant , Te is the electron

temperature , and m~ is the mass of the posi t ive ions being detec ted. This

equation t s  s t r i c t l y  val id  only for spher ica l  probes in p lasmas at low

çressure; however, it has been used wi th cylindrical probes and at e leva ted

pr essures for the estimation of electron concentrations (1 , 36, 48, 49).

The electron density in a plasma can also be ca lcu la ted  from l ine

broadening measuremen ts (43). The electrons present i n  the plasma generate

an electric field which broadens spectral lines through the Stark effect;

the extent of such broadening is then a measure of the electron density.

~nectra l lines of atomic hydrogen ai’e often used in such nicasureinents 

- - . -  -- --~~~~~~~--
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because of the ava i l ab i l i ty  of tabulat ions  of Stark boraden i ng parameters

for those lines. Also , the theory is more accurate and somewhat s imp le r

to apply to hydrogen than to mtiltie lectron atomic species (38).

In a typ ical Stark measuremen t , the line profile of the II~ transition

- i t  486.13 run i s  measured and the Stark h a l f - w i d t h , A~~ , is e s t ima ted . rro m

these values and tabu lations (43) of the p r o p o r t i o n a l i t y  factor  between

and AA 5
3/ 2 , the electron density can be e st i m a t e d . The’ H~~- l i n c  is  chosen

because the ran~~’ ü4~ h a l f - w i d t h s  cxp~ cted i s  la rge  ( C a .  1 .0  - S. OA °) for

typical elect ron concentrations. In a d d i t i o n , the  r e l a t i o n s h i p  between

AAs and n is known for t h i s  l ine  over a broad range of 
~e 

and temperature

value s (38).

The electron concentration in an argon plasma is generally higher than

in a helium MIP at all opera t ing pressures , app lied power levels, and flow

rates (36, 43, 48 , 49). However, the elec tron concentration for both gases

increases wi th pressure, the rate of change decreasing between 2 and 10

torr , above which li ttle effect of pressure occurs. For such plasmas ,

n
e 
ranges from l0’’-l0’2cm 3 at pressures below I torr to about 1015 _ 10 16

cm 3 at atmospheric pressure (36, 38, 41 , 45 , 48 , 49).

The effec t of applied microwav e power on is influenc ed by opera ti ng

pressure. At low pressure s 
~e 

increase s rapidly wi th increased powe r ,

whereas the inc rease with power i~ less at hi gher pressures.

The e lectron concen t ra t ion  is  on ly  modera te ly  affected by gas f low

rate at any pressure . There is a gradual  increase in n~ as the flow rate

Is increased , but beyond approx ima te ly  2 00 mI. /mi n there i s  no effect (49) . 

— - -~~~~~ - - ~~~~~~~~~~
-

~~~~~
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-~ - 4. Ana lv t e  Lx c i ta ti on Me ch an i  ~n s

A di  scus ’.i on of the processes Lw w h i c h  alia I ‘- t t ’  sp~ ct  ra .t i-e l~roduccd

h-~ an inert —~~~t~~ M l  P requires k~oi~I ci l~ c of the hit u re ~ttid energ i cs ut the

atomic and molecular species which i_ a n  be F e - c  i t  i it t i i c  p 1 a : i i i . t  , t Lie cx —

c i t a t i o n  processes ~n which  hey an i c  i n\ 0 Iv ed , iiid t h e  a i ia  I i t  c .i t uni and

ion exci t a t i a :  enert ~ies .  Both i a n  and neu t ra I i t  air i i  t i e  cmi  s:~i ou  a re  pro —

duced . t l n f o t ’ t u n a t e l  v , c o m p i t - r ~ - s l i ~)p i i r t f a t  z & t t v  s i n ~~Ic- e-sc i tat ion iuc ctuin i sni

seem s nut t o  e x i s t  and h~ fol i ( w i I 1 ~ 0~ c r - h ~e 1 )t ’tlvt dt ’:~ i r  ti v u i ~ t e w  of I i k e L ~

events .

In both tow and hi g h-prc~ sure m i c row av e p la sn i as . hig h and low energy

lec t rons , ion s , and n i e t a s t ah i e  :tt om ~ and m ote cu  1 es a re  presen t (3o , 43 ,

49, 50, 52- 55) - r u e  low-energy electrons arc in abundance and are e s p e c i a l l y

effective in recumbination cxci rat on:

e + G + M ” — ~~ (
‘ + ~,f* + fj V ( c o f l t in u u m ) (10)

or e + ) ~~~ ~ h\ (c ont i  tinuin i ( I l l

where G is an i ne r t  g a s  atom and ~h i s a n an a l  ~- t c a tom . The hi g h energy,

fast electrons ~ustai a the plasma by:

e + C ( + 2e j 1 2 )

but  can a iso be involved i n  d i r e c t  c x c i  tar  ion j~ •cessc~ such as :

o + M - — - —-9 \~ & ( 1 3)

+ *
or c + M + c (14)

ions can be involv ed i n the  cxci t an  on pr oc oss by

+
t ;  + M — ÷ N ( I  5)

The con dition for the occurrence ~ t r~ a~~t i  on I ~ i - s t h a t  the  sum of th e

ionization and excitation energ ies ot the a n a l ’s t e  a l ~~ii be a l m o s t  equa l

to the support ~as i oni zat i  on energy ( 2) . ihe i ant z.t t I on energy of a rgou

i s 15. 76eV and t h a t  of Ftc 1. j un i :  ~~~~ -
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The inert gases all possess inetastable levels (atoms in the’ lowest

triplet state) which also appear to participate in excitation. Argon has

two levels , at 19.73eV and 20.53eV . Inert gas atom s can reach these

metastable states through , for example , excitat i on fol towed by col i i  s i o t i a l

de—excitation with another ground state support gas atom (h3) or from

sequential occurrence of reac t ions  12 and i i  above.  The p o p u l a t i o n  ot the

metastable levels decreases with pressure , up to  abou t 20 torr (36 . 53),

presumably because of increased two-and three-bod y cot lisions (56). Above

approx imately 20 torr the metastable population increases regularly with

pressure. An increase in applied microwave powe r causes an increase in

the metas table popu lati on, but the increase tapers off at higher powers

(36). The lifetime of these levels is relatively long since only colli-

sional , and not radiational , deactivation occurs appreciably.

Metastables (C) can be involved in the following ionization or

excitation processes (52, 53):

G + M ) C + M~ + e (16)

C + M~
’ 

) C + + e (17 )

G + M  ) - G + M  (18)

G + M 1’ - ) G ÷ M ” ( 19)

Reactions 16 and 17 are the well-known Penning ionization processes. They

can occur if the energy of the particles before the collision is greater

than the first or second ionization energy of N; the d i fference between

the energy of metastable  atom and the ionizat ion energy of N is carri ed

off as kinetic energy of the ejected electron. Reactions 18 and 19 involve

direct excitation by metastables. They are relatively improbable and can

--

~ 
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occur on~ v under the ri gorous coui d i t  ion t h a t  th e  ex~ i tat ion energy of tin ’

an a ly t e  aton he a p p r o x i m a t e l y  equal to t h e  me ’tastal ,l e ene’rgy ( 5.’)

1 a add i t  ion to  n i e t a s tab  Ic :it om ’ , n i& ’t : i s t ah  Ic ’ m u  loon ies amid ma I eon I.i r

i ens are known in  iner t  gas plasma -s and m i g h t  he’ i IlVc) Ivod i i i  & - xc  i t  a ion

processes ( 5 2 , 53) ; these m o l e c u l e - s  have a rang e of energ ies  a v a i l a b l e ’

( 5 2 ) .

I t  i s  now w i d e l y  accepted t h a t  d i r e c t  e x c i t a t i on of :ina l yte atoms

and io ’is  by d e e ’ ‘~ - -j l l i s i o n  i s  not d o m i n a n t  i n  an N I P  (36 , 49 , 52 , 53).

(:L.Wt ~, I m e’s a rc  i ’ - ~orved than expecte d from t h e  c o n t i n u o u s  rang e of energ ies

.t v ; m iiai ’ Ie ~ i Ii lec t  r ot i s  A iso , t he f e a t u t  es &i f the  spectr a do not cha n ge

n i t h  pres cur c as would be expected , cons ide r ing  the pressure  dependence

of electron temperature (52 , 53) . Instead , the dominant exc i tat ion  orocess has been

in t e rp ret ed  as a sequence of steps b e g i n n i n g  w i t h  impact by m e t a s t a b l e s

l ead i ng to Penning i on iza t ion of the ana ly t e  (reaction 16 or 17) . This

process is f o l l o w e d  by ion recombinat ion  w i t h  low-energy electrons producing

excited anulyte atom s, w h i c h  then i ’ a d i a t i v e l y  d e a c t i v a t e  ( r e ac t i on  11)

(36 , 49 . S2 , 5 3 .

From ti-is m echanism , an increase in i essitre should lead to an i n c r e a s e

in an a ly t e  e m i s s i o n , because of the g rea ter  ine astable population above

‘ a u  21 torr. An increase in  p ressure  w i l l  a l s o  decrease the e lectron

- perature, l eading to an increase in an a ly t e  emission through promotion

of lectron-ion recombination .

t . small increase in microwave power, for both low and hi gh pressure

plasmas , wi l l  lead to an increase in ana ly t e  emis s ion  due to a grea ter

metastable population. Ilowever, this increased emission is not without

l iniit , because higher power will increase electron concentrations which

w i I l in turn promote collisiona l deactivation (10).

I _- _- ~~~~~~~~~~~~~~~~~~~~~~~~~~ - —- - —  - — - - - -
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I t  Oflt ’ i~ c ~pt s the foregoing i ~‘i i  i zat ion - reconih i oat  ion mod e’ I • i t

lear why the ?~1lI’ is such a pI’om i sing arni  l y t  i o m  I SO 1II’ c’ t’ . \ hi ’io t g l , m m i ~’o

~t t :ib~ c’ f l~ ’noii t ;m I e x c i t a t  on 4_’th ’ r g l e s  ( 5 ’  —59) reveals tha t iii - I

e l e m e n t ;  ~-~‘ii I be e ft ’t c i e n t  I) ’ ~~c’I~ e’d t~ Ar or l ie  ttie ’Iast~ihlc ’ atoms. Not

On L ~ i~e’u1J ‘‘di (fit -u I t ’’ c’leine’r i t  -
‘ I t~ e riomuime’ta Is or ha Ingens he’ e’xc i t ed

but ne ’i t r a l  ;t t ~~m a nd ion l i n e ’ ;  t~o t i l j  alt ‘n he ; v a i  t a b l e , them ’ehv addin g

f i  ~ i hi I I a 1 -  - t  cciii i nat i on.

____--
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4 ,  l \~~I R ) ) , l t \ l’A l’lO N FOR I ’ R O i ) l IC i I t J N  ( I F M I t  0)W\Vl. — INI )IJC1 :l ) l I.AS~IA~-~~ j 1~~~ ~j i ~~- , \-m. , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-~~ . I . row er Unit:;

E a r l  v we rs ions of i n st i~tmen tat on for t he  product  i on of m i i i c  r ’owa y e -

~nduc ed di  s charg e s  w i- r e  fashioned from gov ern m ent  - surp lus r ada r  equ i l ) mf l en t .

C lea r ly , s i g n i f i c a n t  m i c r o w a v e s eng i acer i n g  kn ow le d ge w o u l d  he rcq ui r ed to

assemble  in ide5jti ~ite ‘~ystcm n fr c~it suc h C flniI)oncllt S . L a t e r , t he need t a r  less

L’(p~’rr;t\e aa~t a’ 
- s : i I r c t ’~; of cun ti nrious— w;i vo ( o w )  m i c r o w a v e  pow _~’

w;i -~ fim ) fi I l~ -~ throu gh the  Use at ,iicd ic :,l diathermy units w h i c h  s u p p l y  ab ou t

I ~~— 2Ci’W peak power a t  245(~lIh z , To l l)- , the I nct’easi ng popularit y of nii cr0—

~ave ov ens  o n c r a t i n g  at 24 5DM! ) : has ma rked ly  reduced the  cost and increased

t h e n-d i l . h i l i t v  of magnetron power sources; however , the commerc i a l  avail-

: i b i l i t y  of ow m i cr o w a v e  powe r tou t s  w i t h  t he  power rang~ s t a b i l i t y  and

o~ c rat i on a l  ch ;~r acter  need ed for spectroscop ic appl ica t ions  is  s t i l l  severely

l i m i ted . I n f o r m a t i o n  on spec i f ic  c o m m e r c i a l  m ic rowave  power suppl ies  can

he tound in many e l e c t r o n i c s  c omponents buyer ’s gu i des.

-1 . 2 .  Resonant C a v i t y  S t ruc tu re s

The purpose of the resonant  c a v i t y  i s to t i ’ansfer  powe r e f f ’i c  i eat ly  from the

u ,crnw ave power source to the  ine r t  support gas , w h i c h  i s  g e n e r a l l y  conta ined

ii ;  i g lass or qu a r t z  tube . A resonant c a v i  t ’  s t r u c t u r e  is used to increase

t h e  - ‘ l c ~ t r i c  field i i i  th e  gas .  O r d i n a r i l y ,  some’ sort of coup l i n g  device is

used to m a t c h  the  impedance of the resonant c a v i t y  to t ha t  of the t ransmission

i ine  leadi~ug to the powe r supp ly (60). When these impedances are matched , and

~~e resonant frequency of the c a v i t y  is  tuned to tha t  of the magnetron (power

3upp ly t , the power r e f l e c t ed from the cavity i s  a m i n i m u m ;  conve r se ly ,  the

p - ~ir av al  t a b l e  to the p lasma  w i l l  then  be’ a t  a m ax im t i m.  ‘r he a t  t ;i i nab Ic

_________
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m l  T I . : I L I n  -. Ide ’ a t  r et’lected p owe r i s  de~a’iieJ en t  upon t h e -  t v p o of e ; I v  t i i  ‘ i

and on ~ts ~‘o n s t T - t l c t i o n ; the I lO ~;t  t - t ’ f i c t t - i j t  c ; l c l t N - - - i — i l l  l~~ ~~~~ s i  (It

h i g h e s t  ‘‘~~.t a ct o r ’’ (
~~~

) . t I n f o , - t u u ~a t e l v , t h e ’ p t - s - icc  of ;i  p i i ’ ; n i ; t  I T i  t i l e ’

‘a~
- i t > ’ c I i a ~~y’s I t s  r e sonan t  fr’&’qtiency, t ii ’i- t’hv detutiutiu g i t  ,iit d redue’i ig t h ~

Q t’a : t c r  (~~5) - b ecause  the cha r a c t e r  of t h e  p i i s i i ~i e’) i ; 1 11 1’ cs  ~~i t h  p ’ - ~
5
~~ii’e .

powe r tn p u t  arid ~;t s  t yp e’ , i t  i s  T i e c e s s a u - \  to pr a~~t~ l e ’ lic c i v i  t ’~ w i t h  t a i l  ng

and i n t p e ’ l . m i m e ~ -matching ad justments t o  a h t a  i i i  c i i  c i  o m i t  o p e ’ l ;t t  Oil a v er  :1 is l e1

~~ , i  ~‘‘ ‘oi~ i t j ot is  ( S~~, C i )

-\ dot  , i  I I i’d o i -;~- i i  -
~ i on at  I l Ie ’ ) ) 1  r~i t i  T l i ~ mo le’ s C C  lii i 0 t Ots , l  01 O - I ’ s I I i e I i t ’

~ l~~-~; ii I pr o h ect  i i i  wou l d  access i t a t ’  a C i t  au-~)i rev I ow of mii i ~ r owa ’~e t r a t e -’ -

m i s s  I o n i i  no t hcorv :‘nd i t s  ex ten s  l o l l  to cvi  m l  t ’ i  c a l  r e sonat ir s  of siiec I t’i c’

- sec t  i oo , ~ endeavor fa r  bevon i th e  scope at t h  I ~ c h ap t e r .  1 lie i n t e r —

estee! read -~’ i s  re~~-i’reil instead to literatur e ’ sau i ’ct- : ;  ( 5 - ) , 2 t ’ - ) . In t h e

fol  lowi~ig seen ons , we wi l  1 descr i hc seV era l  of the more fi’e’i 1eient I s  i i Se~~

~‘3V1 t i e s  and th e i  u’ m o d i f i c a t i o n s .  The’ resonant  moJes of s~~no at’ th e ’ - ’-

cav i t - ies  cannot  a lways  I -c separa t ed i n t o  p u r e l y  transverse e lectri c ’ (II

o r t r , ln s v c r s t ’  T u i c t i e t i c  (Thi ) m o des ;  most  itiad e s have both  ‘Ii and I’M c a n t r i  —

h i it ~ ens and a re  cal  led ‘‘hyelri d’’ modes . t h e  c ;iv i t >  st u ’uctu r e ’ s are o f t e n

~-c comp I e~, t i  •ma lyze’ e I t’c t i’oina~ iie t r c a  l i v , ,mu d t he exact  mode charac ot

is r ,ot ku -wa or d e f i n a b l e  for  many of them (, 35) . i) e si g na t  ions of the  b a s i c

o ,- i t  ics et seel be low were co in ed  by  Ra m o , Whi n ite rv , and Va n Ihizet ’  (o2)

-I - 2 . 1 C ’ v i  t v  ~‘lateria I s .  Ma~~we I i ’ s equ at  1( ’!1’~ f o r  wave propoI,at ion in

-oson a t i t  i i  ruw -ive cay  i t i c ’s show t h a t  the lie  Ids  and c u r r en t s  produ ced in

the cay i t> decrease exponent i a l l y  w i t h  penet i’at ion  m t  e~ I h e c onduct re e

cmiv i t v  materi al (62) . The degree of t h i s  p enet r a t  ion  i s  i n d i c a t e d  1w the

- -  — - ~~~~ T~~~~~~~~~~ — - -  - -  - - 
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pa rameter -S ( c a l l e d  t h e  “depth  of p e n e t r a t i o n ” or “skin depth” at’ i lie

material ), d e f i n e d  as t he depth  at which the f ’i o ld  or c u r r e n t  has  eh’c re’a -~e-J

to lie of t h e  r e s p e c t i v e  v a l u e  a t  t h e  m a t  e’ri il sur face ’ , l’h~’ sb i i i  dep t ii w i  I I

oc s ’na ller for m at e r i a l  of hi gh er  c& ’rtdiic t i v  i t  v or at  hi i g he’r Ir e q u e u e I

because i t  is  niverse 1>’ proportional to the  squa r e  i’oot of I luece qti:iiu t i t I ‘~~

(34) .

The operational significance of the skin depth resides in the amount of

app l ied powe r ~~}‘‘ h lost as the rma l  h e a t i n g  of t h e  cavi t~ and i n  the ruax i —

mi zat ion  of the  e’avi ty  qua!  i t v  f a c t or , ç~. ‘l ’h i ~ s k i  ii dep t  hi f i r  a num ber  of

ti~etals at 2450MHz is given (65):

ME1’AL 6 (cm)

Silver 1.3 x 10”
Copper 1.3 x 10~~
Gold 1.6 x lO~~
Aluminum 1.6 x
Brass 2 .7 x l0’

~

The choice of ma te r i a l  for the cav i ty  depends upon a compromise of

factors .  For hi ghest cav i ty  Q ,  very pure s i l v e r  would  be best , w i t h  copper

second , and gold th i rd . However , these pure me ta l s  are d i f f i c u l t  to machine

and the resulting cavity surface is always marred , wh ich reduces Q; moreover ,

Cu and Ag surfaces corrode rap idly in air and become less conductive with

time. Consequently, the ideal cavity materials do not a l low cons t ruc t ion

of the best cavities. Construction Fran brass fo l lowed  by a 2 u m — t h i c k  p l a t i n g

with Ag a f fords  a cavi ty  with a sufficient ly hi gh Q. -rhe Ag-coated  brass

cavity can be given a thin fi lm coating of Au, by flashing , to protec t the

~g fini ,h; the cavity Q is e s5e n t i ai ly  u n a f f e c t e d  liv  this last  step .

4.2.2 Cavity Types. The most frequently used microwave resonant cavities

fi.r spectrocheitmical studies have been descr ib ed i n  v a r i o u s  degree s of d e t a i l 

- - -
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(2 , 33 . 45 , 61 , 66-68) .  D e s c r i p t i o n s  of m o d i f i c a t i o n s  to t h e~~~ basic

c’-wi ty  types (39 , 69- 7 2 ) ,  of a n e w — d e s i g n c a v i t y  (42 , 52 , 73 , 74), and of

less well — used ve ’r sl ons ( 7 5 — 7 7 )  have  appeared . ‘I’he p c u  nc i p a l  features tiutl

opera t ing  character of these Cavities will he de scr ibed  below , I ’h e- b a s i c

c a v i ty  types ( h i )  are shown in  F i g u r e  2. The c a v i t i e s  are desi g ned to

accoiimiodate g l a s s  or quar tz  d i s cha rge  tubes and can be mod i f i ed , g e n e r a l l y

withou t i m p a i r m e n t  of pe r fo rmance , t i  accept  tubes of vary ing d i a m e t e r .  The

t ube i s  a l w a y s  Lu ~ h i ’  a reg ion of s t rong e l e c t r i c  f i e l d  ( 6 1 ) .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ The cavi ty  shown in F igure  2a is  one

of the e a r l ie s t  cav i t i e s  used for spectrochemical s tudies.  I t  consis ts  of

a low-imp edance , rectangular  waveguide  which is connected to an E-plane

taper section at one end and is short-circuited at the other. The discharg e

tube is inserted into this waveguide at a quarter-guide wavelength distance

fran the short-circuited end, in the electric field direction. A useful

feature of this design is that the cavity can be placed in position withou t

disturbing the quartz or glass discharg e tube ; such an arrangement is partic-

ularly convenient i s  the tube is attached to a vacuum systaim (61). A screw

~n the coup l ing  probe pe rmi t s  ad jus tmen t of the probe depth - to achiev e best

coupling . The resulting plasm a exists princi pall y within the confines of

~~~ cavity edges , resulting in a short , wel l-located discharg e for viewing .

This cavi ty  operates best at low pressures of support gas , be low appr ox im ately

50 torr (61).

4.2.2.2. Foreshortened 3/4-wave Coaxial. The cavity shown in Figure 2b is

a coaxial resonator made of two concentric conducting cylinders wi th a

~ap in the i nner c y l i n d e r  which  ac t s  as a c a p a c i t i v e  line termination.
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‘Ii scharge tube is inserted throug h the center of the i nner  cy l  I nu l e r s .

Fun ing the cay i t i’  is accanpl ished by v a r v i  ng the ’ gap el i  s t ance  be tween t he’

inner c~ I inJers with t i m e  threaded i mmeu-  c y l i n d e r .  One ,uuoul i l i e -at  i o n of ’

th i s  cz~v i t y ,  cur use entirely with in a v ’cut ujui appa rat uu’~, has  rep la c ed t he’

screw t )-pe c v i i  ij eler w i t h  a s l i d i n g  leevi’ (u9) . l im e width of I lie 
~ ‘i’ i s

a lways such that  the inner  c y l in d e r  ol’ time cavity i s  a wa v e g u m i d e  beyond

c u t o f f  at 2iSO ~1Hz so t ha t  the c a v i t y  e f f e c t i v e l y  c o n f i n e s  the mmi i c row ave

r a d i a t i o n .  T ime ho~ — fit t i ng on t h e  c o a x i a l  connector  i s for a c o o l i n g  a i m ’

f io~ to prevent a’. em-heat i uig . The p h asnua exi  sts  in t he  di schai-ge tube  i n

t l~ gap between the  i nner c y l i n d e r s  and i s  e s s e n t i a l l y  the l eng th  of the gap.

Smal l  carbon washers  wi t h i n  the plasma chamber to one side of the gap ha v e

been used to s t a b i l i z c -  the location of the p lasma in discharg e tubes much

larger than the plasn ’a diameter (41). The hole in the outer cy l i nde r  a l lows

radial view i ng of the p l a sma .  Atmospheri c pressure operation of the p lasma

a ll ows axia l vi ewing (66 , 67). A d i sadvan tage  of this type of cavi ty  is

that  posi t ioning of the .~av i ty  requires breaking the vacuum l ine for vacuum

0N rat  ion .

The cavi ty in Figure 2c is ident ica l  to that  ir~ Figure 2b excep t for

rh o ad dmt i o n  of an ad jus tab le  matching stub located on the coaxial  connector .

L i s  stub s i m p l i f i e s  c a v i t y  tun ing . These ~-a vi t i e s , w h i c h  operate most

et~~i c i cn t l v  from abou t 1 tor r to atmosp her ic  rressure  (4 5 , 61) ,  have becom e

known co l lec t ively  as the 3/4-wave Broida cav i ty  (45). Another version of

the  3/4-wave coaxial  cavity in which the gap is held constant and tuning is

perforine-l wi th a matching stub or coupling slider , or both, and whose outer

coj~ uct~~ radius is increased , is known as the 3/4-wave Evenson cavity (45).
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Fore’~ hoz’tenetl l/’l—wa~’e’ t ’a.l~~I,i I - Tin’ t~~i~ m t ~ ‘-h~ t ,im i i i  I i~~ i m c t  ‘I i - ,

a l s o  a co. i x m u l  resonator , h ut i s  ce tus t  r euc t e ch ‘. t m c l t  I h a t  t h t ’ t~~ I~~’ t~~ t t~~ e ’ .l . u i u . i

c i  scha m e  timlie ’ run s transveu’sc to th e’ ga~u . I t m u m  m u g us i t .  t im 1’ I i - , I i , .l ~i

lie . i :~ t~t i liii ’ e)ii t h e’ bod y of t i le ’  c a’.’ t t V .1 flu .1 s h I t l e l  t i , i  t li e ’ u . I I \  I .1 I t i ii 1 ul I Iii -

e at r e c t t I i I 1 i f l I ~ r equ ir e s  stucc ’~~ i V t ’ t’ t’l e i U l c t m n t ’Il t c i t  t u t u .  l ime’ “t ’in. ’. ah i e

end cap all ows t he tin i t  to l’e’ ~~~ 
i t  I t i mied I- , I~ imeuu t bre ’ m k I mit ’ 1 V I e eIL8 fl  ‘, St emil

( 1. 11 antI I ’; one’ at ’ the’ p r i f l e’ i pa I i t - , I ‘ t i l l s  t i m e ’ .- , ui i t  v l i i - - I~ ’.’ mu e’~~t e m m ~ i c c  I

t u se i l . l’hc I I . :  - ; t ’ ’ - , ‘ -  ‘ cui ,mI lv vi ent’ ul r , u l iml h t iiit t uic ’lu h a l e ’ am s l i t  i i i  fli t’

~‘ i t t t  c ap. l’ I ii ’s~’ t - i v i  t i e ’ ;  ol)e’rat c t % e -  I I f~~~ .iii l~~w I a iuesh ’ i - , mt  t ’ ‘ i c - ’ ~I m r e - ’  ( - I - , ( , I  I

i I i - ma- ~ l ’ c ’ i c  t o t m u d  t hat f l i t ’  d i  ‘ ch a t - ge ’  t~ I I i  li e sI i i ’  i I i  e’d be s t i r  r t n i u m l  I

t i e  - ~v t ~
- w i  Ii i uuiag net ic I ie  Id ( ‘~ 2)

( l i l t’ ve~r s i a n  at  t h i s  ca’.’itv tcms t nt’ tunulh ~ ste m! - p o s i t  l o~ e’el a l e ! i  t h ~’ a x i

t he  ~I i cc h .ii -g e’ tLlhe’ (7 0 )  , s i n c e  a dj  i t s  tm t ie i i t  at ’ t h e ’ powe’ r c’omu I’ I i  ug li t ’; be en

shown tO 1 cad t el Ifl(uI’C than one ~~iiel i t  i On c it lii i Ii iini,un re ’ t ’ I cc t & sth power• l~t i t

it ’ p 1 asmn t d i  ;chai’gt’ is  s t ah l  ~‘ at  onl ~- O ne’ se ’ t t  I im g . ,t i i d a l so  ,i re’ i ng he’tw een

th e  . ouq) I imug probe auth tun i ng stub ~‘an occur ( u I  . 7 1)  . l ’hu I d i  sadc uiut .i~~ t

m i t  ~ been mu ii In c .‘ ee l  w i r h the add i t  I oil at  s l f e  ‘~~ I c -mis  i t i ns • ;i long I he’ cl i  st ha rge ’

ith ’ ’ ax I s , on f lit’ body of’ the’ e’ a’.- i t  \ ;t mid th e ’ end e’ ip  I I I . lhe c l i  scha r~ e

I ’ I S I S  L i i  t in ’ cap  h i d  I S  app i ’ (i X i l l l . i t  . ‘ l v  e’o i i t ’i ned l i v  t h e ’  c l v i  t v  h i O e l V ,

-I - . 2 .4. Fort’shor tened 1/4 —wav e Rael i a I . I h e ’ c .i’.’ i t  ~ shown in F i gu n’ 2e’ t s

.i ru-sonant r i d  i i i  t r ansmi s sc  On 1 i lie’ loa d ed or toreshort e’nc ’d by t h e  c a p a c i t a n c e

I t ie gap or tut u i ug post (61 , 62)  - Fun I mu g i s mc ’compl i shed w i t h  a cen t ra I I

pOS i t k oi t - ’ el s c rew ,  Powe .’ coupling rest’ I t s frernu mak i tug the coupling ioop lai’g-

enRIg h  to en ~~‘ iu’e perperni i CII I au ’ i nt e’ l’see’ t ion  W i t  ii the ’ mua gn e ’ t i c ’ (I e’ Id s of t he

l v i  ~y. Cavity coaling air is introduced w i t h  .1 connec t ion on t h e  c o a x i l  I

c .  m e t ’’ or .  I t . ’ ’at ion at ’ t h e ’  d i  se’ lua  m ’~~’ I h u t ’  Oil c i i i  v v et ’ s m t i l l s  at ’ l b  u s , a ’ .  u t v
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was o p t i m i z e d  by  t r i a l  and er ror  ( 6 1 ) .  A l t h o u g h t he c a v i t y  op er a t e s  we ’ l I

— 
uver ’ a w it! t ’ range ’ of pressures , i t  i s m os t el’t’ ic’ i c i i t  at  low I)1.es

~~uI~t’; i t

Ii ig her p r e s s u r e’s t he ~I I scharge I s comuf i ned to a reg i on c lose’ to  t lie’ cii

charge tube wall nearest the coup ling i oop . t ’es i i l t  i ng i n  c 1i , , t  h eat  i lip at ’

the tube.  Ordinai ’j Iv , the pl asma i s  v i  eweel LIX Ia  I ly.

A s ign i lie-ant improv ement  i n  the d e s i g n  characteri st i e s  am id op e r a t i o n

of th i  s t y p e ’ of c a v i t y  has been reported by Beenakker (52 , ‘3 , 74) . The new

ca v i t y  wa~ eI ’. ’SI~~~~- I sin ’cif ica l Iv lot’ operation a t  a tmosp h e r i c ’ pressure’ with

either ,ir~’on c i i ’  b e t  i t im . I’ r i  ne ’ i pal cons ide•ra t  j a i l s  t aken i n t o  .ic-cot in t  d u r i n g

de s ig n were ’, ~-i ) h av i  ng t h e’ resonance’ Fr eqi icne ’v at exac t  lv 2- 15( 1 MHz ; b)

m i n i m a l cay i t  v v o l u m e  so a hi gh elu e ’rgv d en s i t y  coo Id be atta I ned ; c) l oca t i on

ef the d i s c h a r g e  it t  the posi t  ion where the e l e c t r i c  f i e l d  is g rea tes t .  ‘h o

meet these ’ need s , lleeiuakker d e v i s e d  a s tructur e ’  to operate in the NmflQ

mod es , in which the resonance frequency is independent  of the hei g ht of the

e’ av i t y  (73 ) .  The e l e c t r i c  f i e l d  can then be increased s i m p l y  by decreasing

the c a v i t y  hei g ht  wi I- bout u p s e t t i n g  resonance  cond i t  i oti s. The sma l  lest

cay i tv  cli  ameter  anti hence  the l a rges t  energy  d e n s i t y  is  ob ta ined  when m=()

antI n= 1; for 2450 Mu z t he ’ d i am e te r  i s  cii ic -u lat ecl  to  he 93.  7mm (73 )

F i gure 3 shows a s c h e m a t i c  d i a g r a m  of’ this T M 0 1 0  mode c a v i t y .  B ecau se

~a’ e lec t r i c  f i  e’ld i s  maxima l in the cen te r  of ’ the cml v i tb ’ , t he  d i s c h a r g e

tt , he i s  Iocat ~ d a x i a l l y  in  tha t  l oca t ion ,  Mi crowave  power i s  t r a n s f e r r e d

to t h e  c a v i t y  by means of :i coup 1 ing loop perl~
eneI icu lar to the ci rcul arl ’-

d i r ec ted  magne t i c  f i e l d  (73) .

l’he i n t r o d u c t i o n  of d i e l e c t r i c s , such ;i5 a q u a r t :  p l a sma  tube , i n t o

the cavity shifts the resonance frequency to  l owe r v a l u e s .  Consequently .

the cavity diameter must be calculated for a resonance frequency slightly

above the i nput freque-nc~ . ‘l’hus , the d iameter of the cmiv i t v should he

-- ~ — - ~.r



~hose’n sI ig hit I>- sinai icr than calculated wi theiut mu p 1 as mm ua p r esemu t  . The 11111 1 u p

stub c~un then be’ used to adjust t’or the’ resonamice conch t i o n .

rh~ plasma prexluceel in he li t i mm u 1 s se i f — i  gn I t i iug a t  a tmi u os p hue’  r I ~ pm ’t’’~ -
, ui i ’e

cinel i s h i g li l  v s t a b l e ’  (44 , 73) . i t  exists within the h ou nd:um ’ i es of f l i t ’  i v ’  I

about 1 cmii iouig , and is viewed a x i a l  l v . l n t e i - e’st i n g l  ‘.- , t he opt m mm l loc a l  j ail

for an argon p lasm a tube has been found to  be’ near t h e  outer  r i m  of ’ t i i t ’

c a v i t y ,  r athe ’i -  than e’entereet , unless ,mn i m p e d a n c e  m a t c h  i tug d e v i c e  i s inserted

between tiit ’ c m i v m  - , ant i t r a n sm i s s i o n  line ( 7 - 1) .  Fom ’ lie ’ 01’ At ’ , a s I t ~m ii  t’icant

advantage i t h a t  t u e  p lasma i s  phys i cmi 1 1 - i ’ ci tuatc’d c lost ’  to the edge’ of t lit ’

cay i t  v . s imup l i l y  in g l i l t  en ac imp w i t  Ii sallup I e in t’c’t ion cy s t  eltu c .

1 . 2 .2 . 5 .  ~~~~~~~~~~~~~~ i~_ies . In general , microwav e j~owe’i’ t rims-

m i s s i o n  w e l l  be nuor e e f f i c i e n t  when the t ran sm i ssi on I m e ’  components have’

d imensions close to the wavelength of microwave r ad ia t ion  (34 , (i2 , 65).

for  th is  reason , microwave torch d i scha rges , wh ich  consum e an order of m a g n i t u d e ’

greater power than M u ’ s, are usually capaci  ti c - el y coupi eel to wm uv e gu i d e ’  tl’~lf lS  -

mi ssi on I imues  (7) . M W ’  s in wavcgui de cmi v i t  i c c  or w i th cmiv i t i e s  e’emp led to

waveguide l ines ( 7 5 — 7 7 )  have been reported . However , t h e  else ’ ot’ wa vcg u ieh e s

in  t h i s  fash i  on i s  much less t’ree~uent t h a n  coax i mu 1 — com pon eu ut  sy s tems

h ia t t or  i • e~t a 1. (75) desc i-i bed a c o a x i a l  open — ended resonant  cay  i t y

or the pr oduct ion of a long p las m uma di  schai ’gt ’ in  Xe’ a t  low pressures .  F lu e

c y l i n d r i c a l  c a v i t y  resonator i s  m atched  t o  a r e c t a n g u l a r  wav eguid e  W i  th i  a

I doorknob a n t e n n a  (75) . The p lasma  consume s up to  I KW mUle ! Opera tes  mi t

2~ 50 Mh z. Bovey (7~ ) described a tunable ml c i ’owave wavt ’gu i  d c  cavit for

2450 MHz operation . Tuning s l i d e r s  and adjust able-sc re’w shor t  - c i r c u i t s

enable f ine  tuning of the c a p a c i t i v e l y  — :oup l t’d plasmmu , w h i c h  i s  used as a

ght source ra t  he ’ r than a samp it ’ cx c i t  at ion soure’ e. lie ’ Corpo , c’t ii 1 - ( 
-, 

7 )



F.— • — ~~~~~~~~~~~~~~~~~~~~~~~ -.. ~~~~~~~~~~~~ _ _ _ _ _ _

‘‘I

described mi wa c’egu ide in to  wh i e’h mm di Sc ha rg&’ t i t h e  I c menu t i ’ el a ft— ax i t u l ’

— i n d u c t i v e l y  c o u p l i i i g  l ow levi -h. 
~~

- 200 *) of 245 (1 Mu ‘ni cr aw mlvt- r’mu e li,i t i cit u

to fl owing i f lert  supp ort  gases .  The sy s te m i s  used to  g e m i e ’ m a I  1 i t  mii mm m c

species for p lasm a s tud ies .

4.3. Rad i a t ion~~~posure

Microwave stray radiation cmiii he in ju r ious  to the exper imenter  e s p e c i a l l y

to par ts  of the “- ‘ - l v  where heat cannot he car r ied  away e f f i c i e n t l y ,  such as

the eye . Sa fe ty  standards in most  c oun t r i e s  are based on the heat i ng e f f e c t s

of microwave r ad i a t i on  and are 10mW/cm 2 ; whereas the  U . S . S . R .  has set a more

restrictive continuous exposure level , based on biolog ical studies , of 0.01

mW/cia2 (77) . Report s dealing with microwave stray fields and the influence

of carrier gas pressure and typ e (72 , 77) and c a v i t y  d esi gn and shield i ng

(78 , 79) have been pub i ished . The dis tribu tion of the microwave stray f ield

around an MIP set at optimal conditions in a norma l laboratory will be

inhomogenous because of reflection and absorption by surrounding components

(79) . Stray radiation will increase by approximately an order of magnitude

when the carr ier  gas pressure is decreas ed an order of magn itu de, or when

the appl i ed powe r i s  increased from SO to 175W (79), Power d e n s i t i e s  of 2

t~’ 35 n~ /cin2 within 1 meter of t y p i c a l  M u ’  components  have been measured

( 77 79 ) and demand some sort of s h i e l d i n g . F o r t u n a t e l y ,  s t r ay  r ,u d i a t i o n

can be effectively reduced to safe levels by enclosing the apparatus in a

simple aluminum box or with aluminum-foi l wrapp ing (79). 
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S. SAMP LF I N’I ROliUC’l iON rFch IN 1Q01 S
‘V’v\PJV JV’fviIUVvVt/\,VVc,Uv\A,~,c,vcrt,vcrt,c,c,

Microwave— induced p lasmas in  arg oiu or he I i  t i m p~ s~ es a muumnbt’r at .id -

vantages as cxc i  tat  ion sources i mu em i cc i  on spt’ e’ t rome I i’ . I h i c ’ p 1 m m  sina etc l t . m t i  an

temperatures are generally high enough that it s ig n  I I c an t  neim tut ’ u ’ of I lit ’ ~‘ I e ’mt ’mi t

including the halogens and nonmeta ls , can be det ermi n cel  w i t h  h i g h se m u s i t i v i ty  F

in the ul t rav iole t and v i s ible  reg ions .  A l s o ,  the  power requirt’d for stable

operation of an MIP i s  relatively low , g e n e r a l l y  b e low 200W , t im a k i mug t he  sy s t e m s

relatively inexpensive and reduc ing the i n f lu e n c e  of r a d i o fu ’eq u e ’m icy  i m i t e r f e r e n c e

no i se. Howeve r , this same feature causes a difficult y when an Mi l ’  i s  i n t e r f a c e d

to some type of sample introduct ion system . The low power does not a f ford

a hig h enoug h plasma energy density to vaporize or evaporate solid or li quid

samples , or to a tomize  the analvte species. Also , the s t a b i l i t y  of the

plasma can be degraded when even a re la t ive ly  small  am oun t of sample m a terial

is injected into it. These problems have not- proven insurm ountable , hut thei

have hindered extensive use of MIPs in optical omission a n a l y s i s  for solution

samples.

5 .L V~por Phase tntroduct ion-Gas Ch~’omato~~ai~hy

By far, the most extensive use of M I P s  m i s  e m i s s i o n  sources has been

in combination with gas chromatograp h i c  s y s te m s  ( 2 1 , 22 , 42 , 52 , 73 , ~9 - I 0 l ) .

The GC car r ier  gas can he argon or h u e l i u n i  and the g e n e r a l l y  used flow rates

~~~~~ are compatible w i t h  stable HIP operat ion . In such an a p p l i c a t i o n , the M I P

has been employed to exci te  e lements  such as ~~. LI , N . I’ . R , 0 , mi nd th e

halog en s , providing hi g h ly  selective’ and s e n s i t i v e  d e t e c t i o n  and eletenn i n a t l o n .

Chapter 00 of th i s  text gives an ex tens ive  coverage ’ of t h i s  t o p i c .  

— --— ~~~~~~ -- ---~~~



~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-- 

~~~~~~
—- - - -

~~

-

~~

-—-

~

--
~~~~~~~~ 

_

~
1I— - --

31

5 . 2 .  Vaj ’or l’ Immu s e  l nt r o d u e’ t i o n - G e m u e ’r a t i o i ,  of ( a se ou s  Aiua1 ~~tt’ Sre’c i t ’s

~ m i p t i ! ’  p h i . i s e ’ I n i c e t  ion of t h i c ’ s . m n m p l t -  I m i t a  t l u c  M u ’  e’ mimu be’ mi cco ti m p hi shied

i : o .m g tu th ~’ cli r ec t  I i i j e ’ct ion of a gmtscouls samump le ( 102 )  a,- t lu i’ oi ig hu pm ’t’i ltit i i  am i

~ f a ~ mu s’ ou s c om’’oumud of’ t he a m i ; m 1 ~ t a .  A genermi 1 or for t lit ’ p r odm ic  I i on at

gaseou s hydr ide ’ ;  could be u t i  I i  :.e’el i n  t h i s  m a n n e r .  A p p r o p r i a t e’ in s t ’r t i  an

at t he genera l ‘ i -  i m u t o  t l i t ’ support t~; i .  m m u m u i  f o l d  ( . 103 )  or some sort of ’ v a l v i  mug

-sy c r cii wh i c a I i  a’-~~- sequent i mu I l uy d r ide  pr oduc t i on / g e r u er at  or flushing would

a f f , i r  I c i  up I a  u i t t  t ’u -  f m t e~ I ui ~ . Sin  i i  art y , gaseous m e r c u r y  p roduc t  ion chambe m’s

an ~e i icc ’- t ‘ ‘ I  l u t e ’  the inert g ;u s I h u es for s i m p l i f i e d  H g d e t en n i n a t  ions

( 1 04  . 105) . \ ‘cne’ rmit at’ for  the lt m ’o ekt c t i on of gaseous chlorides of Hi , Cd ,

Mc , 1’ 1 . ~~n , I’ I , a nd Zn has mm I so lice ’ it m’ e’pei i’ t eel (1(1(t )

flu’ I ’m i i . - i - u I i m it erfac i ng pro li I em encoun t ered w 1 t h  gaseous gen erat  ar c

a a1~, int cmum ie’c of ’ a s t a b l e  support gas f low te) t he  M Il ’  Sample i nj e c t  ion

I I1~ ~in o n — l i  me port , or v a l v e  swi t c l u i n g  fo r  gene rato r  f l u s h i  mu g can in t roduce

;i disconti nujtv in the support ~m is  (‘ low wh I cli i s mmlii i fes ted as e r r a t i c  hack-

g u ’otmd rm n I c i out . Of course , th  ~ ~ 
rob len i s not pr ’se’m t i f  t lie species to

ht ’ d e t e r m i  ned ml t’e 
~‘ r’e’ c e’nt i n  the support  g.m c i t  cc l  m .  Soch an app roach has

ha~ m i emp loved for the  de t enu  I nat i on a t~ C • II . 1), am ud N — cont a  in  i i u g  con t am i mu ant  s

h i g h — p e u r i t v : irgon (107).

5. ~~~. Sc a l e d — e e l  I Fx c i t a t  ion

I x t r e m e l v  hi g h s e n s i t i v i t i e s  f or sev eral el ement s have been ob t ained

~ ~e,u ing  S3flej) le~ euf tht’ elements into e’vmucua ted quartz . eel Is mind exciting

the niet als in  a m ic rowave field (108-Ill), In the method , solu t ions of the

r . iee a ls  (as l o d id es )  are prepared mind sma l l  amounts (SOu L) added to a quar t z

t e  I ) .  Ad di  t ion of c x c i  t a t  ion b u f f e r s  ( H i  i o d i d e ’ ) m u d  s u i t a b l e ’  scavengers  
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( j e)  , F~ 11 owed by freeze—drying a mmd e’.\c i t  m m l i  o m i I it mm huy d t ’ag - m I  mm t i m m a s p lue ’ i c

S t o r r )  p m ovides sub— p icogranu ~Iet c’ c’t ion I in  i t  lam’ t~tI , lit • I I , ~i , Fe’ m i nd

Se.

5. 
~ 

S i  !ntroductio n—Ncbul i:j ti on -~y s  t ems

S p ray in g  soltit ton saimip les i m i t o  m i m i  M I  I’ p ras emit di ffici t I t  1u t’ ~ h iI  e ’ mm m c . Fhi e

low ~‘m ic r t ~~ dcii s i t) ’  ,m n el low k i n et  I c  t cfltpr t -~m t i i  ,‘& ‘ t t f mi typ i cal N i l ’  do m i o t

i d e  c f t  e- i~ - - ’ ’ - - ’ ;~ar .m t m a n  am i d  m i t  oiii I m~m i I i o n  of t lu - ;m i ll m p Ic ’ drop I e’t s , l i i

h~’~ u ’ i m tm M l I ’ ~. t he’ 1it ’ob l e’nt i s  exae- erbmmt ed ~; i i t c ’ e’ mos t  J ) m u e ’t iu i i ; i t  I i  n e b u m i  I zers wi I I

t ’eu t  operate w t t h i  lie I I  urn at the support  gmt F I ow rat c’s ( 2t)—700imiI. /ni in ) requ i reel

t a r s tahl  e NIP operat  j o l t ,  1-however , p n eunumu t I c  n t th u  i i  zm it  ion i n t o  argon M l P’ s

c~~iu he aecom iup l i s he e l  i f  an aerosol deso lvat ion  sys tem is located a f t e r  the

nehu l i za t  iou cham ber  (40 , 45 , 6~ ) . W i t h  such an ar rangement , aqueous i tch-

u l i z a t i o t i  r at e s  of l . l - l , SniL/ nuj n have been a t t a i n e d . Removal  of muc h of

the aqueous soIv e i i t  m i n i m i z e s  the evm ip or at  ion r cqu i  re mne nt  of the p l a s m a .

Beenakker (73) c i rcumvented the nebeu l izat ion  prob 1~ m for hel i umn plasma s

b y or l i -i l u g  a special  l o w — f l o w  n c ’hul  i zeu ’ ( 1 1 2 )  . W i t h  t h i s  n eb u l i z e r  and a

new k i n d  of H IP  c a v i t y ,  he was a b l e  to c u m s t : i  i mu m i m i  m i t n i os p hue ’ m ’ i c — pr essure

be I j am M u ’  ~ i t  h inject j e) fl of I . 7 mtul. / miu i m i m i e h l m ( ’ o t m : s  smiln l )  I c  ( 5 iie’hu Ii zer e f f i  c i  emic v

~m~v e  m~p p r ’ ) x i m n a t t ’ I y  SSn ig / n i in  wa t e r  i n j e c t  i o n )  w i t h o u t dc so lvmi t j Ot ) .  lt m fortu—

‘l y ,  t h e  presence ‘if la rger  d r o p l e t s  upset the si g n a l  s t a b i l i t y .  Aqueous

-- . u t ~ Ic nehu l  i zm u t ion can also he mi cco mu p 1 ishe’d u s i n g  u l t r a s o n i c  nebu l i zat  ion

( i i  3) . Kawagu ehi  , et al . (113) report aqueous n e b u l i  :m i t  ion rates of mipprox —

i m a t e ly  0. Sm L / m i n  w i t h  mm u l t r a s o n i c  n c b u l i z e r  f o l l o w e d  by a desolv at ion

system.

No ma tter how closely-matched to M I P  flow-rate mind partic le loading

c ’ra cter i st ics  mu p n cu m m i t i c  or u l t r m u s a r u i c  m i e b m i l  I ze’r m i g ht he , a md re’gmmi ’el less
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of whe t h e r  the  :iei’ e,so l i s  desolvated , the foregoing devices St i l l  r e q u i r e

the MIP to atonu i ze an injected ana l y t e .  Such an approach , in  omi t ’ v i e w ,

wi l l ruci’er gm ~ in w idesp read  acceptance for l o w — p o w e r  MI I’ d e v i c e s ,  R a t  h e r

i t  wou ld seem t h a t  ama lyte shotu Id be pre —aton t  i ‘eel at’ l~~e— vapor I he’d lie ’ l ’t u t ’ e

insertion into t he  d ischarge , aI . low i mu g the  M IP to perforimi the task for

which  i t  i s  best s u i t e d - - ex c i t a t i o n . Of course , an alternative approach

is to inc rease the  appl ied  pow er to the p lasma suffici ently to permit atom - —

ization or mi c~ e~ tane e of larger sample  i nj e c t i o n  rates; this concept has

beev employ ed in the desi gn of s o - c a l l e d  m i c r o w a v e  to rches  ( 1 14 - 1 16 ) . ( in-

fa r t u n a t e ly ,  such de v ices lose the  low-power  advan t age  of the  N i l ’ .

5.5. Elec trothermal Sapple Introduction

Flectrothe rma l atomization constitutes a nearly optima l technique for

in t roduct ion  of so lu t ion  or solid samp les into an N I P .  A l l  versions of

elec trothermal atomizers (ETAs) can operate in inert gas environments and

can be readily inserted into the MIP support-gas supp ly sys tem . The se

atomizers routinele operate efficientl y- with sample volumes compatible with

the maximumu material injection limits of MIPs . An ETA will evaporate the

solvent , vapor i ze the sample , and atomize the analyte , requir ing the p lasm a

only to excite the analyte atoms.

Iarly ETAs used for MIP sam p le Injection consisted of platim iunu filaments

whi ch  were inse r t ed  in to  the  support gas stream a f te r  app l i cat i on  and dry ing

at the sample (23, 39), Other versions (117-U S) u t i l i zed  tantalum or

t tmgsten  f i l amen t s  or strips for gaseous analy te production . Although

interfacing an ETA to an HIP is mechanically straightforward , tandem operation

of the two components has required carefu l mani pu la t ion of the ins trumental

variables. After app lication of li quid sample to the ETA filament or strip .

- - — -~ - — 
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which  i s  i~~a :i 11 y i t u m i t e d  d i r e c t  lv  i n  t he  support g mi s st  rem imm i , t he’ rm u t e  at ’

S t t l t & ’ii t  e’t ~L l~~ i’a t  i Oh m i i m t s t  be c m i r c t t i  I l~ e’on t r o l It ’d . l’oo g r e a t  a rate ’ at ~- , ‘ Im ’ e ’ i u t

ev a) ’ot ’at ion can cause the MEl’ t a bec att ic t ins t mub I c  or eve’mu t e) cx t I ugu I -~li

V a l v e  sv stem s mu I I  Owin g  uni n t em ’rui p t e ’e l  su ppor t  go ‘~ f I ow am i d so I v e m i t  e ’v .up o r mm te ’

venting are possible; however , such dev ices add u nnecessary comp lexity to

the system and c o m m  r e su l t  i n  unstable p l a s m a  op e r a t i o n  ( 4 1 )  . Often , because

t h e  wmi 11 s of h i t ’ I F \ c han-ihe i’ a m’e tie a r mumnl , i ent t enup era tu r e , t lie at  am i zed

s.ulnple w i l l  I~~t c - out be fore t r anspor t  i n to  th e  P l m usmmu I’ rop cr con t ro l of

nert gas f l o w  can be used to tn i n  in I ze or ci i m i m i  n at e  t h i  5 pot ~’11 I m i I loss

mechanism .

Carbon ~I i I i  mind carbon furnace  HAs , wh ich are m n e c h a n i c a l  1y less s i m p l e

to  incorporate  i n t o  an M I P gas systeni , have also been u t i l i z e d  for sample

\ntroductLon (128-128). Obviously, these devices cannot be used for the

i:e t enn ina t icj n  of carbon , and a l so  incr cmu sc  the  comp l e x i ty  of the  p la sma

bac kground spectrum ( 4 1 ) .  Such problem s can he p a r t i a l l y  overcome through

u~~t’ of heated m t i e ’ t m i l supports  ( e . g .  Pt ho~ts) ( 1.9) . Another  typ e of e l e c t r o —

the rma l ato mn i .er  u t i l i z e s  a hi g h v o l t a g e’, low curren t puls ating dc dischar ge

fa t -  sample  at cmi :at ion (44 , o71 . The e’atho d i c s p u t t e r i n g  of t h i  s m i  c roarc

. r t ~n i . ~.e’r i tic remi ’~es the  e f f i c i e n c y  of mu tia I v t e  m u t oim) ge f le i ’ mi t ion .

~~~. ANALYTICAL PERFORMANC E AN ti INTERF E RENCES
vvViJVWUVVVUVVW\/V\j~ ,v~ V~~~~\iV~~~~~~~~~~~ fdj \ \iV\I\jVV~j 1~

u .l. Limits of E)etcction

Table 3 is a compi la t ion  of the  reported de tec t ion  l i m i t s  obtained

wi th  argon or he l ium f lowing  microwave-induced p lasn ias .  In Tabl e  3 , Iin u it s

i-f detection are elef ine d as those c o n c e n t r a t i o n s  w h i c h  p rovide  a si gnmu l

m,ign i tud e wi u l ch i s  mm cert~ii n m n u l t i p lc  of the st a n d ar d  dcv i m i t t  on of’ t h e

_ _ _ _ _ _ _ _ _  — --- ---- - - - -—-
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1 m b ! : ’ 3. ll e’te’c t i o n  l i t m u i t s  t ’tn’ S o l u t i o n - \ i i , t l v m , i ‘~ by Mi c r ow av e -- I u u t l u i c t ’ J  l ’ l . i c i , i , m

1 l ement  h~ ~d ’ l & ’iiL t h ( n m )  m~jj~ n l .  ~e’t c i ’ e iuce ’
-“ 1  309 .2 6()

3%..: 1 000 113
32$. I I— S I a- 10 6~~, I I S , I I S
H3. 7 30 !‘O- 200 -l~

, 
, bt,, I 0-I , I 20 , l I , I . ’ . I .‘a , I . 7

Ha 553. 5 100 1 2 2 , 1 2 - I
B 249.8 10 I .t’ ~~~~~~~~~~ 127

-
, -s - I  . 9 I 0(1 I ._‘a

P i 2 2 .  I 0.5 I 00 2Ou )  I O ’  • I 20 , I _ ‘a , I $5
-I 72. .5 1000 I I  -~

Cd ~ ‘5 . S 0. 4 - - 2 t i  . . S  $0 -(0 , .! ~~~~~~~~~~~~~~~~~~
~~~~ I - 10 2~ (0 , L I

10 I U ~’ I t s , 130
-122. 7 o. lb 1 . 6 - 1 0  - l l , 4 t , a , 1 2 2

Co -‘ -~0. ‘ 1 — t’~0 1 0 — 7 0  2.~, 45 , t~~, 12~
S 15, 1 1000 lU 11 .5 , 115 , I.:.:

Cr . 7 I 10 23 , 1 2 ’
•L’5. 4 10 4~-s . 12$

Lu 215. ~ tO O 11 .~
32 4 . 7 0 . 0 4 — 1  0 . 2 2 — 5 0  23 , 41 , 34 , 35 , b~ , I l S , 12 0 — 1 2 2

Fe’ .~4S.3 1 10 23 ,45
5~ 2. 0 l00() 10 23 ,118 ,122

40 41)
2 6 5 . 2  3 5000 106

h g  2 53. ’ 1 — 2 0  0 . O l - a O  38 , 45 , 66 , 67 . 103 , 105 , 121 , 123 , 127
I - i  1)70.5 1 67, 122
‘.lg 2’~),h 500 113 , 128

285. 2  0,05-1 0.3-0. -IS 44,45,118 ,122 ,128
Mn 2 7 9 . 5  (i ,~~5 0 . ia -14

I I 0. 0S— ’ .14 , 45 , 118 , 12 1 , 124
Na 589.0 0.001 0.01 44 , 87 , 122
N i  2.S 2.  0 100 126
Ph 216 .9 1 0. S6—200() -14 , 106

283. 3 0 . 3 8 — 3 . 8 - 2 1 , 67 , 130
405.8 1— 100  0. 5—300 .15 ,66 ,106,113 ,118 ,120—122 , Ut-s

Pt 26 5.9  110 1100
Si ’ 196.0 40 100—6 0 0 15 , 66 , 9-I , 120 , I 26 , 127

1 1- , 231.2 10(1 20 0—500 113 , 12a . 127
100() 113

28 m .  .5 2 5 0 0 — I  100 106 , 120 , 126
534.9 100 1 2 3

I I  2 76 .8  0.05 100 106
V 4 3 7 . 9  80 45 , 66

2 13.8 0 . 0 4 — 2 0  0 . 3 5 — 2 0  40 , 44 , 45 , -sfl , ~~~
‘, 106 , 118 , I 2 0 — 1 2 2 , l2 8 , 130

h
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t ie i  ~~ mu It ip i ’ .’ s o l t e i m  one , I i so , at ’ t h r ee , cie ’i ’ c m m ’ . l  o t t

the ‘~~t it hi ot t he’ cu i g i l l ~i !  miU 1 hou’ ; t~~ ’ i l m i v e ’ mn mi el e’ ia mi t t e’I i i j i  t I s ’ i i o m i i i . t  I i

~ a lao -; gi en - \I ‘ 0 , F i l l  t ’S of I i t t  ‘~ of’ de ’t e ’c t  I i ’ll .i rc - t ~ e m i  l i - I  o.isl s~ t iii ’ .

va IO e ’ r ep o r t ed . l ’lii ‘- . ip i ’ r s s . t c  1 w a s  t mI ~~e’mi sj i t O  I tic t h u ’ .  m e l - s a l t  -~l

i. , i lu e s  i a r e t  t o ot  la m - i  at  d i  f t e ’y ’ t ’p ic e ’s i i i  u m i s t  rmtuiu e’ i l t O  I .1 1 ) 1 1 1 t e , i I  l O u t  l i s t ’ .  t u t u

v i r t a h i  l i t v  t i m th e  ~II l’ capa bili ty -

Many f,i~- tars c’e) lit  r i  b u t t ’ to l it’. I t  n u t  t of d c l  c-ct  i e ’mi i t  t mm i m m , i i - s  I t  w m t ii . i i i

‘ i l ’  s~ ‘—I cmii , n t ’ -  mm u t m ~i’e’ at ’ t h e ’  i t m m i t  r m  \ t i s t ” .I , olm e’rm it I i tg j i l t ’’: s i l l ’ ’. , s t ip j ’ o r t

s ~ vp c mi m Ic !  t tow rate’ • pp 1 m e d  1mm u m’ ’.ns . ~ ~t o w ’ .  r , i i $  V s - s  I t u i m e  a I p I . i  - I l l  a I s w  e’eI

- ‘ 1 1 h:iv ~ t ime ’ ‘r ~‘ l I c e  t , Iloweve-r , at i l i m l j  s) t ’  i uui I ) Ot ’ t  m ince i S t itt’ S C ’  I Cc’ t ed K i m id

of sample m t  rouiuction. In general , sy st emn s which supp Iv  t h e  smunp l ~.‘ to  t h e

II’ j m i  t he ’  foi ’~ of in aerosol c’xhji)j t worse de tec t  ion  I i in i t s  t h a n  m u !  tern~i t  i ye

ne t h a5 u s , h e c m i m i s e ’ at  the  I imi  tee! .‘b i I i  t v  of the ’ M 11 to e v a p o r a t e , volat i I

.mnc t at oni :c the d rop let s  and amua ’l -’ .t c .  I lesolva t  ion acces so r i e s  ant I mu 1 t r a s o ni  c

rwhu l  i ~ers afforel  improved  l i m i t s  ~f de tec t  ion over  s im p  let’  s p ray  introduction

~v ~~~~~~ 0~ em ’a l I , the  b es t  de tec t  j o n  I m u  t s  a r e  obtained with an e l e c t r a —

~iorma I kind at s i - s l ip lc ’ o t a m I  ~er . . \  Ithoui gh such an m i t am i zer sitpp l ic s  mimi l y t e

t o  t , e  xi I I’ i n  the form at’ u brief l i t i l s e  m ’ m m t h c r  t h a n  a s t e ’mu d y m i n m m l v t c  s t r e ’mum ,

t he’ ~t I t ’  i s mm 11 owed to  opermu te mor e  ~‘f fic i en t Iv mum i d t h - i t ’ r e ’f-’~ r~ 
roy id l e s s g u ’ e’m l t et’

s~ t i v i  t v .

F ut u r e  imp r ovements  in t h e  detec t ion I m u  t s obta i n m ubl  e u~ i th MIPs lie

u- s ‘~~;ibi l i z a t  i s -sn - s f  the d i s c ha r g e  eIit i ’~ tig a imul vt e in jection , opt m i  :mu t iOn of

th e  i n : e r f ,u c e  be tween t he  MW and ETA i n  te mmu s of mm mi l~~te’ v a p o r  t r a n sp o r t

I t u tu ’ amid ef ’f i c  ien cv , and ci m u  n a t i  on of’ t h i t ’ v a r i o u s i m i t e r f e r e m i t  e f f e c t s

c~rn mnuc n t c u M i l ’  sv St e ’III s .

IlL -~~~~~~~~~~~ - - —- - - -~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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6 ,2 .  In t e r f er e -n e c ’s

\ s  i titi 5c at ed  above , the  M EL ’  mi ppemu i’c to p e ’m ’touiui h o st  w l u e m m  i t  i s  I t ’d

i’ t o -  vapor i ~td s . I : I m j u  I m’s. -\ ccoi ’d I ri Er . sem une’ I mi t t’ i’t ’t’ u’~’i ic e”’ whi m ~ i u l i t t e ’ l ’c e - I i

reported ire m i scri b m u b le to m ’Vent.5 i i i  the ’ cx tet’m u ;t I . i t s i l i u t m c i -  w h u u  I c ’ ‘.sI Ii ’ . r

ac tumi! h in se w i t h m i t i  t h e  N I P  i t s e l f ,  I n  mmmo s t  p i m i t !  I s l t e ’ c I w o rk , na i t  t e u u t h ’ t

has been mad e to separat e ’ these somu rces of i i u t t ’ m ’ f e r cm ic e- . i n a k i  ug mi mu u emmi m mi g imi I

d i s cus s ion  of i m u t e r f e r e m u c e  e f f e c t s  d i f f i c u l t .  h o w e v e r  , i t  i s  I i k e t y t h a t  i n

man. cases , i f l t u ’’ • r ’n ~~es i-n both atomm i i zt- r and Ml P cant rib tite to the’ reported

t’ft’&- c t ~~.

a.2. 1. Phys Ica l Interferences. The s t a b i l i t y  amid excitatio n a b i l i t y  of

;,fl M I t ’  are per tu rbed  when a suf f ic ien t  amount of forei gn ma t e r i a l  is i n j e c t e d

i at r  i t  (67) . T h i s  quenching  e f fec t  depends somewhat on the na tu r e  of t he

in j ec t ed  a toms , but the property which  g overns t he e f f ect  has n ot been

i ’ :o lated ~66 , 6 7 ) .  Depending up on the  c a v i t y  type , sam p l e introduction

method , support gas f low rate , operating pressure , and app l i e d  powe r , Nil ’s

at u s u a l l y  w i t h s t a n d  the in jec t ion  of about I mg/m m (104 1  or about 3-Sug

a b s o l u t e (44 , 67 , 130) of forei gn mn at e r i a l  w i t h o u t  se r ious ly  deg rad i ng s igna l

s t a b i l i t y .  Obv ious l y ,  such a l i m i t a t i on c o n t r o l s  the m a x i m u m  sm umi p l e  s i z e

- -~~u c h  can  be used with an N I P .

Piemory effects have also been reported for the MIP (40, ‘~4), and are

~i- :0~ i b , l~ t he  r e s u l t  of qua r t z  tube e t c h i n g  by the  p l a sm n a .  Such e t c h i n g

oroduce ’s a reg ion  i n  the  plasma tube i n  w h i c h  a n m u l y t e  atom s can collect.

The stand a rd remedy is  to replace the p la sma  chamber a f t e r  a specif ied

num ber of oper ati ng hours.

Ibe presence of refractory elements in mu sample  m a t r i x  somet imes  l eads

to ‘-oth vaporization and excitation interference Prim tens (6, -15 , 86, (~~ ‘,
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S

ir~ ~iu ~I 1u ’ . It is uuot clear b~’ whmi t m e c h a n i s m  t h i t ’ refi’jetor~ c ouui r oiuumst s

t t~~~e’Lt the Ii 1 mL.u - i , p o s s m t ) l y  by p r o m o t i t u g  c o l l i s i o n a l  d e a c t i v a t i o n  of ’ I1c I.I~~T .ib Ie

‘m~ -st ’~’ 
~~~~ 01’ cr ~~m m ~ m ’ s~ conip etitioru far thcst’ spe ci e s . the r e e l t i c t  i on  at  ~1 Ii’

‘_ x c c t , u t i o u u  .ui ’i , u ’ s ‘~ ro~ i’ : . c t o i i c ’ -~ c h I 1  ~u f t ’ut h~’ a m s - r c o m i t c ’  s i i m p l v  i \ •u p I - slv u i 1m~

gre itet’ m i e  m s ’m~~ V e j-s s -sw- t’I’ ( ( - s , 66) . ‘I t i e ’ p t - i mi d i p mi I e f f ’e’c’ t of  r c t u ’ u ’ .  t o i - v  e ’ l cuul ’ .’ m i t  S

an a t o m i z e r s  us V - s - s mi lt u ’i’ t t it ,’ ~‘J pe) 1’ i : ; s t  ion et’ f i m ’ i s ’ u u c v  or r a t e  s - s f time ’ m itu ~i l v I c .

For exauu up l e’ . ‘- 1 , Ca . - m d  P~ d t j i i ’e’ -’s h t ’ Cilt i S S l O f l  s m L ’ , nmI I at  nu m i i tv  c l e m e n t  s

u ’edu c ing  t h ’ - u i t e  I a~~- s t v t e  vs -- s I m m t i  l i c a t  ion  (b~~, 11 ~~l - C 1 e m u t ’ I~ , t h e  Lu u l t m i t - s i r ’ —

‘ ‘- s i c  e f f e~~t at t - ’ I  r m e  t o r ~ c l e men t  s u I 1 I- s c grem it t r f - s m ’ m mi i  ‘ l I P  coup I e d  to mm

‘ h i  I I ~ m ’ t I o m t  s~~c’ it luau for  an M E l - s  t ed  by m mii  e lec t r o t  lie r ut mu I mi t on i zer.

Ihe rrcseuus ’c’ of mm Ikal i or a Ik a l  inc ear th  c h l o r i d e s  in  a smulu p Ic has been

‘; u - sm ,- u ~ t o  cuba i ’ . e  t i -ic cm i SS i Oil Si gu m i  I at e)t her ci enuerit S Ifi mm l o w — p r e s s u r e

‘ m E l ’  fed t v  a t an tmi lum i iu strip ~a 1) s - s u ’u : e r  1118 , 122 . 123 , l3I ~ . P i ’e s u n i m u h lv

I, I 22 , 131) , thu s em ihan cei ime uut arises from an increase in  Sample ’  atom n i :at i o t u .

O m e~~ecI 1w pmur t m a l  conversion of anmul yte salts li - i to v o l a t i l e  c h l o r i d e’s. Also ,

~mic slope of the l o g — I - s~ ai ual ’s’tie m m l ca libr ation curve ’  of some elements is

h~i t ’ .~ ’J tO i~m i 1 • 1 1 2 2 , 1 2 )  when a ILi 11 s or a ika ii iie earths are p r e s e n t .

~Ik t i i  h a l i d e s  pc ’s~; i b l v  a f f e c t  t i m e ’ e’ x c i t m m t i o u  c on e l i t i c mns within the  plasma

s m u l t  m - edti - m u~m cou1’m ’t ing specie:; into the propo sed i o n i  :mi t  i on— u ’aelma t io i imi l

~~‘ t ’ t  u - i l l  ‘ m ’ ’ ’~ . m , t m ~~it t ’, ~ I 2 2 ) .  it i ’  Iike1 ~ t ha t  t h i s  e f fe c t  i s  s m a l l  corn —

~i~~i’~ ~I t -- s tb m n f l i i e ’n ~ e of the a I k m i l  i e l c m e ’n t s  on ion i cat ion , cl~ scussed b e l o w .

6 2 . 2 ‘ m u- si c i i - i  on ’’ I n t e r f e r ences .  I om -m i c i t  ion i ntcm’fc’reuices can be e x p e c t e d

to he m i gni t icau t i n  m i m i N I P  because of i t s  suhstmmn t i a l  ~lej’ i artum’ e from I T F .

m i t e  importance of e l e c t rons  to p l a s m a  - t a  i nt e f l anc e mi ne! m i fl hl  I yt e  t’Xe’ itat ion

~~ Se c t i o n s  ~~. 2- i , 4 )  wou ld  r ender  m u n ; u I~~tm ’ ernis~ ian o xt r e m e’ lv  susc’ e pt i b ~ e

-- ~~~~~~~~~~~~~~~~~~~ ~~~~~~~
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tO the intro dmict  ion or dep leti on of elect rons. A lth em 1’ h su ch an nf ’ lu e ’uuc - e’

Is b ey ond t lui~ ordinarily termed an ‘‘ion i zat ion  i ntcrFc ’u’ e’uL’e’’ , the ’  ~mu me ’

~- 1 u i - k  of sample—born e species (m’.~~, m m l km ml j s ) t ,itIS& ’ i t  u u u d  t he’ r e ’ ’ ; u m l t s  ( i . e ’ .

si g ’mu l enhancement)  are the  saitue mis de’scribed i i i  o t her  auimi lyt m c m i i Sou m’ce’~

(6 , 45 , Se , 113) . 1:or example , N mu mi n d K have bcc’mi ohise ’rve ’d t o  e’nhmuucc t h e ’

emiss ion of Ca (1 13) . The presence of an c lement  of low lom ui za tion potential

in the MIt’ i~ likely to sim p ly , ‘&suml t i t t  a u  i nc rease  i m u  the  electron density,

which  w i l l  ~iot am ’ I y af fec t  t ime  p l~u su m imm , but tuwuve t h e b i t  i zat  l o u t  equl I i  br i mm m i i

of the ana l y te towards the ileui t r im I S I d e  I ~ I . ‘I’h i s  s im p  let’ a rg muuu u ei u  t has  been

invoked to explain qualitatively tim e effects seen (6, 45, 67 ) .

More complex behav ior has also been observed. A supp ression of Mn

emission by alkaline earth elements (132) has been postulated to be caused

by bombardmetut of Mn atoms by the added electrons , causi ng an enhancem ent of

manganesc ioniza tion . Examination of the ion ic li ne emiss ions from MIPs

(130) suggests that those lines will be usefu l for the determination of some

elemen ts, for ex ample Ca, Sr, and Ba. However , it is advised that the

determination of elements with low ionization potent ials he preceded by an

examination of the emission character of bot h ground state and higher excited

state lines.

6. 2. 3. Addition of Dop ing Gase s. I)oping gases (02 , N 2 ,  1(2 ) are sometimes

added to M r P s  serving as GC detectors (42 , 79 , 85. 95). These dopants

ust4 a l ly  act as scavengers of hydrocarbon species and carbon deposit elimina-

tars (7~, 95). ‘l’he enhancem ent effect of dop i ng gases on the ana ly te

emission ~igna 1 has been suggested to be caused by an increase in the number

of species involved in the analyte excitation steps (42). Concentrations

of dopin g gases a re us u a l l y  kep t bel ow 2% v / v .
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e . 2. 4. Chem nic a  I I n t e r f e r ences .  Ch~ m umie ’a I intcrfe m’e’,ue’es cmiii m m r i  se (‘r e - si tu

~t ’ver~1 I sources , inc  lieu ng il il I OflS . pl1 e’t ’ I e e ’t s • or t h e  loru m imu ( l o u t  al  s t  , u h ’ h  ‘

ox i d e s  01’ ot h c i ’ i ’i a l e cu t l m i r specie’’; ( - I S . ~ 7 , I l~~) . I h e ’ e ’ m m u i s s i m m  f ro uu u .m i i i

m m ~‘I I I’ has been shown t o  be a f fe c t e d  ami t y s l i g h t l y  ( I  13)  or  limi t  . u l  m l  I ( h ~’)

by the ’ presence at phosphate w h i lt~ at her a u u  b i t  I c ’ spec i es have ’ it o ci Fec

The format i oiu of s t :mb l t ’  oxides  of th e ’  am m ly t e  a iso appears m uot  t O he s ig -

e i i f i c m m n t  for MI Ps (6 7)

6,2 . 5.~ - ~j u ec t r mm I I n ter f er e n c e s .  Spcet r~u l  imu te i ’ fere n c es  can be a prob l em

u i  ~hi .mmw c-sn i s;i ui source. F o r t u u i m m t e i y ,  mirgon anti hel i umn M I P s  .uav e nuuch

s i-miller a-s-id less in tense  back ground emis s ion  spectra than  do most f lames ,

arcs , or sparks (4 4 , b7 , 130). The continuum background emission in the

IIV and v i s i b l e  regions i s  generally low for these gases au-id can be reduced

fur ther  through wavelength  modulat ion (53 , 66) , but it does inc rease in

i n t e n s i t y  wi th  pressure ( 133) . The lo cations of argon and he l ium spec t ra l

l ines are we l l - enoug h known (58) that  those spectra l areas may be avoided .

A l t h o u g h mat i ’ix e lements  can c o m t r i b u t c  to spectra l in ter ferences ,

o t h e r s  can a r i s e  from i ml )u r i t i e s  im u t he  support gm u scs  (( :02 , water vapor ,

N 2  ) , from atmospheric spec’ ics ((:02 , 1 120 , N 2 )  , and vapori zed elements from

t I - ’ a t o m n i z a t  ion d e v i c e  l u s u a l l y  C , Ta , W , Mo , or Pt ) (6 , 4 4 ) .  in te r fe rence

fr- s .m mo l ecmilmum- band amid I inc s t ruc tu re  of spe ’ ies such m i s  Oil , N2 , ‘~ 2 , CN

:mnd ‘III mi re’ e’omntneln ( 4 !  , i-I ) • but t r a p s  can be Used to ci intimate most of

these  suppoi t u : :us  i mp u r i t i e s  (39, 79) . Spec t ra l lime interference front

the’ eIemen~ of ’ wh i ch the mu t o m i z e r  is composed can be troublesome in choosing

analyte lines (67). 

--- - —-—----- ~~
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F I G ( JRI ~ CA P F  I FINS

F i g m ire  rh.~or~ t ~~ I pawer— los~— and power -absorb ed c t u r y e s  Iii .i p l.i -.i i i

of constant cxc i tat i on t e m i l p e m a  t ur c  amid l~tc kg r o u m i~l 
~ 

i-es ~(I re ( - .ct

t ex t  for d i s c u s s i o n ) .

A. Power-loss curve

B. Power—absorbed curve: appl ied  power is 
~~ 

( I )  , cay i ty

lai - ’~ h i s  I - i .

C Powe t - — ab sorh ed  curve : app l i ed  power i s  L~ (2) which is

~~~~~ t er  t han  I’ , I 1) c: I V i ty l e n g t h  is Li

I) . Pow er—a b sorbed  cu rve :  app l ied  power is P 1( 21 , ca v i t y

leng th is L2 .

Stability implied at points 1 , 4, 5, and 6.

In stability implied at points 2 and 3.

(Adapted from reference 30.)

F~ 1ure 2a Tapered Rectangular . TE 0t  ~ 
Mode Cav it y

2b Foreshortened 3/4-wave Coax ia l  C a v i t y

1c l or eshortened 3/4-wave Co a x i a l  C a v i t y ,  with impedance matching

s tub  located on the coaxial connector. —

2d Foreshortened 1/4-wave Coaxi al Cavity.

2e Foreshortened 1/4-wave R a d i a l  C a v i t y .

- _ _ _ _  

-- - -
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Fi gur e 3 Th1010 Mode Cavity

1. Cavity wall

2. Fixed bottom

3. Removable cover

4. Plasma chamber (quartz tube)

5. Chamber moun t

6. Copper wire coupling 1oop

~~~. l’C - S~ RF connector

8. Ceramic insu la tor

9. Tuning stub

10. Tuning stub

i~ . Port for viewing or input of coolant gas

12. Optical bench mount

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~-- -_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I —-
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